Neisseria meningitidis remains an important cause of meningitis and septicemia worldwide (9, 14) .
For routine epidemiological surveillance, meningococci are classified by immunological reagents into serogroups (by type of capsular polysaccharide), serotypes (PorB, class 2 or 3 outer membrane proteins [OMPs] ), and serosubtypes (PorA, class 1 OMP) (7) .
N. meningitidis can be subdivided into serotypes based on the detection of serologically distinct epitopes present on their class 2 or 3 (PorB) OMPs. These PorB proteins are encoded by either one of their respective porB gene alleles (PorB2 or class 2 protein encoded by porB2 allele, and PorB3 or class 3 protein encoded by porB3 allele), which are mutually exclusive.
PorB OMPs are transmembrane proteins with eight predicted surface-exposed loops (I to VIII) that are variable in terms of their lengths and amino acid sequences. These surface-exposed loops are interspaced and anchored by nine membrane-spanning regions that are relatively conserved (20) . Sequence analysis of PorB proteins from different serotypes of meningococci identifies four regions with a high level of amino acid exposed (loops I, V, VI, and VII) (6, 23) .
The use of monoclonal antibodies (MAbs) is the standard method for identifying the PorB type, and a widely used panel of MAbs has been developed (1) . These MAbs are directed against some of the four variable regions (VRs) of PorB proteins, with the exception of MAb22, which fails to react with any of the four VRs of PorB (11) . Nevertheless, a large number of meningococci cannot be typed using the serotyping antibodies currently available, which is particularly underlined in strains isolated from carriers. From 20 to 60% of meningococcal B and C isolates from any given population can be nontypeable (NT) using that panel of MAbs (11) . This problem is already distorting the serotype prevalence data in defined areas (12, 13, 16) .
The aim of the present study was to analyze the mechanisms responsible for the nontypeability characteristic in N. meningitidis by sequencing the porB gene.
MATERIALS AND METHODS
Bacterial strains and serotyping. All N. meningitidis strains received in the Reference Laboratory for Neisseria are routinely serotyped by whole-cell enzyme-linked immunosorbent assay (ELISA) (21) using a set of MAbs provided by the National Institute for Biological Standards and Control, including the serotypes 1 (MN3C6B), 2a (5D4-5), 2b (MN2C3B), 4 (5DC4C8G8), 14 (MN5C8C), 15 (8B5-5G9), and 21 (6B11F2B5).
A total of 146 N. meningitidis strains (51 with defined serotypes and 95 NT isolates) recovered from blood or cerebrospinal fluid of patients with meningococcal disease isolated in Spain from 1992 to 2004 were included. The strains were randomly selected among more than 7,000 strains received over the stated period.
Sequencing of porB gene. For DNA extraction, samples were heated at 100°C (20 min), subjected to one freeze (2 min)-thaw cycle, and then centrifuged for 5 min at 10,000 ϫ g. Amplification of the porB gene from extracted DNA samples was as described previously (17) , with some minor modifications. The reactions were carried out with 1ϫ reaction buffer (PE Applied Biosystems); 200 M (each) dATP, dCTP, dGTP, and dTTP; 1 M concentrations of PCR primers PBA1 (5Ј-TAAATGCAAAGCTAAGCGGCTTG-3Ј) and PBA2 (5Ј-TTTGTT GATACCAATCTTTTCAG-3Ј); 2.5 U of AmpliTaq Gold (PE Applied Biosystems); and 10 l of template DNA (in 100-l reaction mixtures). Reaction conditions were 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, followed by incubation at 72°C for a further 2 min. PCR products were purified by using a QIAquick PCR purification kit. For full-length porB gene sequencing, a subset of seven oligonucleotides was used (PBS1, PBS2, 8U, 8L, 244U, 244L, and PB260) (23) .
The alleles obtained were appointed through the website http://neisseria.org /nm/typing/porB. Those identified as new alleles were submitted to this database, and new allele numbers were assigned.
Sequencing of porB promoter region. The porB promoter region was amplified and sequenced using the primers PromBF (5Ј-TTCGTCGCCTTGTCCTGATT TTTG-3Ј) and PromBR (5Ј-GTTTCTACGCCGGTTTTGATGGTG-3Ј). The reaction mixture and conditions were as described for the porB gene with only a minor modification (the concentration of the primers was 0.5 M).
Western blotting. OMPs were extracted as described previously (4) and were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in vertical gradient gels by using the Xcell SureLock Mini-Cell kit (Invitrogen) according to the manufacturer's instructions. The separated proteins (200-V constant voltage) were transferred from the gel to nitrocellulose membranes using the Xcell II blot module (Invitrogen) according to the manufacturer's instructions. Membranes were blocked with 10% milk in 1ϫ phosphate-buffered saline (PBS) with shaking overnight at 4°C. Membranes were then washed three times with 1ϫ PBS containing 0.05% Tween 20 (PBS-Tween) and incubated with the corresponding MAb for 1 h at room temperature. After a new washing cycle, the membranes were incubated with ␣-mouse-peroxidase conjugate in blocking solution (1:500) for 1 h of shaking at room temperature and then washed again three times. Finally, the membranes were developed with 4-chloro-1-naphthol (22) .
Nucleotide sequence accession numbers. The sequences of the porB gene obtained during the study and identified as new alleles were submitted to the GenBank database under accession numbers listed in Table 1 . The accession numbers for the upstream regions are DQ485291 to DQ485304.
RESULTS

Serotyping.
Ninety-five strains were considered NT strains because they were not recognized by the serotyping panel. In the remaining 51 isolates, the serotypes 1, 2a, 2b, 4, 14, 15, and 21 were detected (Table 1) .
porB gene analysis. The porB gene was sequenced from all 146 strains, with 37 different porB alleles among them, 18 of which were defined as new variants (Table 1) . After the analysis of the porB alleles, the correlation between allelic variants and serotypes was established according to the scheme developed by Sacchi et al. (11) , which defines the serotypes based on a combination of the sequences of the VRs (Table 1) .
The relationships among all porB gene sequences obtained was represented by the split decomposition method (3) . With this method, networks of interconnected nodes appear when recombination events are occurring, while a start indicates that the variation is being caused by point mutations. The split graph obtained (Fig. 1) illustrates a small network, showing recombination events only among the porB2 allele sequences obtained (including both known and new allelic variants), detecting also the punctual mutations at this level. However, all porB3 allele sequences obtained in the present study appeared only as the result of point mutations (Fig. 1) .
VR sequence analysis. (Table 1) . (ii) In the remaining 53 NT strains, any change found in the VR sequences could explain the nonreactivity with any of the antibodies included in the panel currently available ( Table 1) .
Sequence of the promoter region of the porB gene. To determine whether these 53 strains were NT because of no expression or only a low level of expression of PorB protein, the upstream region of the start codon of porB gene, containing the promoter of porB, was analyzed. The porB upstream region of the start codon of these 53 NT strains and also 10 additional isolates expressing several types was amplified and sequenced, yielding 14 different sequences at this level.
Comparison and alignment of the sequences showed that the porB promoter sequences were very similar in all analyzed strains. The few changes found do not seem to be associated with the level of expression of PorB protein because they were present in both NT and typeable strains.
Close examination of the sequences revealed that the putative transcriptional start point is located at position 292, 95 bp upstream of the ATG initiation codon (position 387). A putative Ϫ10 sequence (TATAGT) is found 7 bp upstream of the transcriptional start, with only one different residue with respect to the consensus Ϫ10 sequence of Escherichia coli (TATAAT). The putative Ϫ35 sequence of the porB promoter is more difficult to recognize, and the best candidate is TTGTTT, with three residues of homology to the consensus Ϫ35 sequence of E. coli (TTGACA) and located 17 bp upstream of the Ϫ10 sequence.
MAb reactivity. To determine whether the nonreactivity of MAbs with the 53 NT strains was because of a masking of the epitopes, Western blot assays using MAb types 1, 4, 14, 15, and 21 were performed. In this case, the MAbs should recognize the epitopes because the proteins are linear. Strains expressing serotypes 1, 4, 14, 15, and 21 and confirmed by sequencing of the porB gene were used as a control. A good recognition epitope MAb was observed in all cases, and one example is shown in Fig. 2 . 
DISCUSSION
Serological characterization of N. meningitidis antigens is valuable for epidemiological studies, as well as for identifying immunologically important antigens in vaccine development (13, 10) . This serological characterization allows us to classify the meningococcal strains into serogroups, serotypes, and serosubtypes. However, a large number of meningococcus strains cannot be serotyped. The aim of the present study was to explain the mechanisms responsible for the nonserotypeability in N. meningitidis strains.
In the present study, 42 of 95 NT strains showed the nonserotypeability characteristic, either because MAbs that might be able to react with some of the four VRs (the VRs designated with a letter [see Table 1 ]) have not been developed or because the set of MAbs routinely used do not include these MAbs (types 5, 19, 10, 7, and its variants). A third possibility is that these VRs, which are variants as a result of changes in the original VR DNA sequence, are not being recognized by the panel of MAbs (2aa, 2ad, 2ba, 4c, 14a, 14b, 14c, and 14g). Because the serotype is defined by the combination of their VRs, different combinations of the three possibilities already mentioned can be present in each strain (Table 1 ).
In the remaining 53 NT strains, any change found in the VR sequences could explain the lack of binding with any of the antibodies included in the panel currently available. The analysis of the porB promoter sequence disproved the hypothesis of alterations in the expression of these proteins. To check whether the lack of reactivity of the MAbs was due to accessibility to the epitopes, Western blot assays using MAb types 1, 4, 14, 15, and 21 were carried out. A good recognition epitope MAb was observed in all cases. Therefore, a possible reason for the failure of the MAbs to identify these strains might be the very limited accessibility of the epitopes. Either a large amount of capsular polysaccharide or lipooligosaccharide masking the PorB VR epitopes or a less exposed epitope might explain this finding. Less exposition could be explained either because of alterations in the class 2/3 proteins affecting their conformation or because of the development of membraneprotein complexes.
It has been shown previously that the use of an expanded serotype panel can improve the sensitivity of serotyping by resolving a number of formerly NT strains (11) . However, the number of NT strains will still be large due to continuous changes in the VRs, and the problem of the accessibility of the epitopes has not been solved.
Split decomposition has been used extensively to analyze the population structures of both bacteria and viruses. Because this method does not make the a priori assumption that the sequences have a tree-like structure, conflicting phylogenetic signals in the data such as evidence of recombination can be visualized, leading to the generation of an interconnected network rather than a tree. In the present study, punctual mutations were the main cause of variation in the porB gene, probably because of a very strong selection pressure. In both porB2 and porB3 genes codons have been identified that had been subjected to very strong selection pressure (19) . Recombination events have been reported as well (19, 5, 18) , although our results suggest recombination only among the porB2 sequences (Fig. 1) . Strains showing the PorB2 class protein are usually associated with illness rather than carriers. Because of that these strains might need to produce more-complicated variants to elude the immune system, explaining this rare finding. However, only further studies including a higher number of isolates may confirm it.
Previous studies show that PorA expression could be altered by multiple mechanisms (2) . Slipped-strand mispairing during replication in the homopolymeric tract of guanidine [poly(G)] and/or thymidine residues between the Ϫ12 and Ϫ35 domains of the porA promoter, as well as the homopolymeric tract of adenine [poly(A)] residues in the porA coding region, are the principal mechanism responsible for altered PorA expression. In addition, point mutations or insertion of an IS element in the porA coding region or deletion of the complete porA gene may result in meningococci lacking PorA expression. However, studies about alterations of PorB expression have not been reported previously. In our study the upstream region of start codon of porB was analyzed, and the putative promoter region was located. No mechanisms for altered PorB expression were found, supporting the idea that PorB protein is not subject to phase variation. Mutant meningococcal strains that lack PorB do not grow well (15) , suggesting an essential role of this protein as our results have already shown.
In conclusion, our study suggests different reasons for the nontypeability characteristic in N. meningitidis and emphasizes that genetic characterization should be preferred over phenotypic characterization for typing meningococcal strains. However, a nomenclature scheme widely accepted and based on the four VR sequences must be designed, as has been done with the PorA protein to define the serosubtype. We propose that each strain might be defined with a VR combination (PorB VR type; Table 1 ).
